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ABSTRACT PAGE
Bismuth(lll) coum pounds w ere known a s Lewis acid catalysts for many reactions. In our 
lab, w e conducted cylization reactions toward dihydropyran com pounds initiated by Bi(lll) 
triflate. Various vinylsilanes w ere reacted with epoxides, which were able to rearrange to 
form aldehydes under catalysis of Lewis acid, to afford different substituted dihydropyrans. 
In this step, w e tried different catalytic am ounts of the Bi(lll) triflate in order to optimize the 
result. As the research result show ed, (Z)-1-phenyl-6-(trimethylsilyl)hex-6-en-3-ol w as the 
best vinylsilane substrate, affording up to 59% desired products reacted with styrene oxide 
using 1 mol% of catalyst. Other substrates only afforded betw een 30% to 50% yields of 
dihydropyrans when reacted with epoxides, although 85% yields of DHPs were obtained 
when aldehydes w ere used instead of epoxides. The reason w as unknown and that part of 
the research is still going on. All the spectral data of the dihydropyrans have been  
confirmed to be consistent with those of cis-pyrans Hinkle group m em bers previoiusly 
synthesized. The formation of the cis-dihydropyrans could be explained by the transition 
state preferences.
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Chapter one: Background
1.1 Bismuth catalysts in organic synthesis
Metal catalysts have been used widely for synthesis, however many o f them have 
drawbacks. Recently, bismuth compounds have become attractive candidates for organic 
synthesis to their high stabilities and low cost. More importantly, bismuth is the least 
toxic o f the heavy elements4. As a result, bismuth compounds have been used as catalysts 
for many reactions, such as Friedel-Crafts acylations1'2, sulfonylation o f arenes3, 
Diels-Alder reactions4'5, Prins cyclization6 and epoxide rearrangement7'8.
Friedel-Crafts
Desmur et a l.1 examined the catalytic activity o f several bismuth compound toward
Friedel-Crafts acylation reactions (eq 1.1). Since the traditional catalyst, aluminum
chloride, caused many problems for large-scale manufacturing, these workers searched
for a new reagent to catalyze this reaction. After recognizing that bismuth compounds are
efficient in some specific acylation reactions, they carried out Friedel-Crafts reactions
with bismuth trichloride as catalyst. Unfortunately, bismuth trichloride and other halide
derivatives are inefficient catalysts for reactions with toluene, benzene or deactivated
aromatics. In order to increase reactivity o f  the bismuth species by inclusion o f
electron-withdrawing groups, they chose bismuth triflate, Bi(OTf) 3  as the catalyst.
Surprisingly, acylation reaction o f deactivated benzene, such as chlorobenzene, provided
high yields without solvent. They also pointed out that the triflic acid, which was
generated by bismuth triflate during the reaction, was the true catalyst for the reaction and
1
the Bi(OTf ) 3  worked as efficiently as triflic acid itse lf2.
LA or cat. aq. workup
ArH + RCOX  Ar-C-R -------- ^  ArCOR + metallic dervs. (1-1)
-HX ||
LA
Sulfonylation of Arenes
Encouraged by the success in the acylation reactions, the sulfonylation o f arenes 
catalyzed by either BiCl3 or Bi(OTf) 3  was studied in their later research3 (eq 1.2). 
Comparison between those two bismuth compounds showed that bismuth trichloride 
worked as a moderate catalyst with activated arene compounds, but the activity decreased 
toward less activated ones. However, bismuth triflate turned out to give excellent yields 
with bromo- and chlorobenzene, which are less activated benzene compounds. Even with 
lm ol%  o f Bi(OTf)3, sulfonylation o f toluene occurred in 70% yield. Interestingly, they 
found out there was triflate/chloride ligand exchange at the bismuth atom during the 
reaction with the sulfonyl chloride, which was responsible for the high activity o f bismuth 
triflate.
ArH + RSO 2 X A rS 0 2R + HX ^  2 ^
Catalyst: BiCl3 or Bi(OTf)3 (1-10% mol)
X = Cl or 0 S 0 2R ' ; R = alkyl or aryl group
Diels-Alder Reaction
Dubac and co-workers4 compared two kinds o f bismuth compounds, bismuth 
chloride and triflate, with other metal catalysts in Diels-Alder reaction (eq 1.3).
O
r 2 BiX 3 R4/ V ^ S r I
(0.1-10% mol) g
X = Cl, O Tf Z= CH2 or nothing
various dienes
(1.3)
In the case o f cyclopentadiene 12 (Figure 1) and methyl vinyl ketone 15, a more 
traditional catalyst, scandium triflate, afforded 96% yield after 12 hours, which performed 
better than ytterbium compounds. In contrast, only 1% o f bismuth triflate was needed to 
generate 87% yield o f product after only 4 hours under the same conditions, whereas 10% 
o f bismuth chloride afforded the same yield within a shorter time period. Moreover, with 
bismuth compounds as the catalyst to this reaction, the stereoselectivity is much higher 
than with scandium catalyst. In another reaction between 2,3-dimethylbutadiene 13 and 
ethyl vinyl ketone 16, 82% yield o f product was generated with 10% o f bismuth chloride 
in 45 minutes and 0.1% o f bismuth triflate; both bismuth compounds gave better 
performance than titanium compounds. 10% o f bismuth chloride and 1% o f bismuth 
triflate either afforded better yield or required shorter time in the reaction between 
2,3-dimethylbutadiene 13 and acrolein 17 compared to ytterbium catalysts. They carried 
out other reactions between dienes and dienophiles in the presence o f bismuth triflate, all 
cases showed that this catalyst affords excellent yields o f Diels-Alder products.
Figure 1. Precursors for Diels-Alder reactions.
cyclopentadiene 2,3-dimethylbutadiene
12 13
X
isoprene
14
methyl vinyl ketone 
O
ethyl vinyl ketone 
O
acrolein
15 16
O
17
In their later research5, Dubac et al. specifically explored the catalytic ability o f 
bismuth chloride toward dienophiles reacted with four different dienes (eq 1.4). Although 
with B iC f catalyst the reactions still suffer from an Alder-ene side reaction 19, they 
obtained up to 80% of desired Diels-Alder product 18. Moreover, the ene-reaction 
adducts could be isolated by chromatography. Besides, there are several benefits o f using 
bismuth chloride. Reactions occurred under mild conditions with bismuth chloride 
without affording diene polymers, which is a drawback with aluminum catalysts. In 
addition, this type o f  catalyst is not particularly water-sensitive and can catalyze reactions
at lower temperatures.
+ COOEt
R,=H, Me R3=COOEt,H 
R2=H, M e
O
R2
COOEtMe
18
Diels-Alder Pdt.
OH
COOEt+
19
(1.4)
Alder-ene Pdt.
Prins Cyclization
Yadav and co-workers6 focused on a novel synthetic method toward tetrahydropyrans 
via aldehydes and alcohol by using bismuth chloride Lewis Acid and microwave 
irradiation (eq 1.5). They started their research using benzaldehyde and 
1-phenyl-3-buten-l-ol, which afforded 94% yield o f corresponding tetrahydropyran in 
only minutes.
Cl
O
|| B iC l3
+ JL  — ►
FT ^  H R1
R=Ph, aryl, alkyl R]=Ph, aryl, alkyl R 0
( 1.5 )
They then turned their interest to other substrates and tried various coupling reactions. 
The results showed that, coupling o f aromatic aldehydes with alcohols bearing the same 
substitution gave good yields o f symmetric tetrahydropyrans, and cross coupling between 
aromatic aldehydes with aliphatic alcohols or the aliphatic aldehydes with aromatic 
alcohols afforded good yields o f products too. Notably, the same reactions at room 
temperature require several hours to complete whereas good yields were obtained within 
a couple o f minutes under microwave irradiation. In conclusion, this novel method has 
several benefits: solvent-free environment, shortened reaction time and better yields.
Epoxide Rearrangement7'8
Transformation from an epoxide to an aldehyde or ketone is a key methodology in 
organic synthesis, thus several reagents such as boron trifluoride etherate, lithium salts,
palladium(II) acetate and indium trichloride already have been applied to this reaction
5
during last several decades.
Mohan and co-workers8 reported that bismuth compounds are ideal Lewis acids for 
epoxide rearrangements. In their earlier work, bismuth(III) oxide perchlorate was utilized 
for investigating its catalytic activity toward aromatic and aliphatic substituted epoxides 
rearrangement (eq 1.6).
O
B i0C 104.xH20
CH2C12
For both aryl and aliphatic substituted epoxide, 10-50 mol% o f bismuth(III) oxide 
perchlorate was needed for efficient reactions. However, 20 mol% o f it resulted in good 
yields with most epoxides. They also determined that dichloromethane is the best solvent 
since diethyl ether and THF either slowed the reaction rate or increased the amount o f 
byproducts. In the case o f /nms-stilbene oxide, both cis- and trans- isomers went 
smoothly to a single product, which confirms that phenyl group migration is preferred 
over hydrogen migration. For most other substrates, hydrogen migrated in preference to a 
methyl group.
Based on the investigation o f  bismuth(III) oxide perchlorate, Mohan and co-workers 
did further research on other bismuth compounds and bismuth triflate was chosen the 
target (eq 1.7). Compared to bism uth(lll) oxide perchlorate, bismuth triflate was a more 
efficient catalyst and as little as 0.01% of it could rearrange styrene oxide to the 
phenylacetaldehyde within 15 minutes.
o o
R3
r4
0.1 mol% Bi(OTf)3.xH20
(1.7)
Ar CH2C12 Ar
Dichloromethane was still shown to be the best solvent for the Bi(OTf)3 system since 
other solvents caused the same problems as in earlier cases. In the case o f stilbene oxide, 
it also gave only one product (phenylacetaldehyde) and indicated that both o f the bismuth 
compounds are catalytic and regioselective Lewis acids. Moreover, unlike traditional 
Lewis acids, bismuth compounds are non-toxic, inexpensive and relatively insensitive to 
air and moisture.
1.2 Synthesis methodology toward DHP.
Substituted pyrans are one o f the most important subunits o f various natural products, 
since they are the crucial structure in most carbohydrates, polymers, and also abundant in 
living organisms. Because o f the easily functionalized double bond, the dihydropyran 
backbone is o f particular interest. Some natural products also bear this particular subunit, 
such as phorboxazoles9, lasonolide A 10, callipeltoside11 and spongistatin l 12. Many 
approaches have been reported toward synthesis o f dihydropyran systems.
Prins cyclization reaction to synthesis o f dihydropyran
The Prins cyclization, which is a Lewis acid catalyzed reaction between a homoallylic
alcohol and a carbonyl compound, is a powerful method for the synthesis o f
7
tetrahydropyrans. Several research groups have successfully synthesized tetrahydropyrans 
using different Lewis acids. Dobbs and co-workers treated Z-4-trimethylsilyl-3-buten-l-ol, 
1, with various aldehydes using different Lewis acids; the reaction and yields are shown 
in Table l 13.
Table 1 . The synthesis o f  simple dihydropyrans.
•  A Lewis Acid CA
TMS
1
CH2C12
Entry R 1 Lewis acid Conditions % Yielda
1 PhCH2 InCl3 Rt 88
2 PhCH2 TM SOTf -78°C 86
3 PhCH2 BF3 Et20 -78°C 90
4 «-c 5h „ InCl3 Rt 65
5 Cyclohexyl InCl3 Rt 72
6 Ph2CH InCl3 Rt 85
7 Ph InCl3 Rt 39
8 4 -N 02-Ph InCl3 Rt 86
9 4-CF3-Ph InCl3 Rt 54
10 PhCH2 InCl3 0.5 equiv. 
InCl3;Rt
80
11 PhCH2 lnCl3 0.1 equiv. 
InCl3;Rt
63
a All reactions were performed with alcohol: aldehyde: Lewis acid 
in a 1:1:1 ratio in dichloromethane unless otherwise stated
They found that InCL, TM SO Tf and BF3 OEt2 were the most promising Lewis acids. 
In subsequent research, they chose stoichiometric amounts o f InCL as initiator since it 
does not require low temperatures. Also, with catalytic amount o f Indium trichloride, the 
reaction still proceeded, although yields were lower than that with stoichiometric amount
o f  the Lewis acid. Besides using 1 as the staring material, they began experimenting with 
substituted version, 2, reacted with various aldehydes stereoselectively giving 
cw-dihydropyrans (Table 2). The desired products were observed in fair to good yields.
Table 2 . Synthesis o f disubstituted dihydropyrans.
Me
TMS
2
•  r a h
InCl3^ r ^ i
CH2C12 >  
z z Me
Entry R 1 % Yield3
1 PhCH2 50
2 n-C5 H n 65
3 Cyclohexyl 69
4 Ph2CH 78
5 4 -N 0 2-Ph 60
a All reactions were performedwith alcohol:aldehyde:Lewis acid 
in a 1:1:1 ratio in dichloromethane unless otherwise stated.
As a part o f their ongoing project, epoxides were also studied as precursors (eq 1.8). 
Compound 1 and 2 were both studied in this research treated with styrene oxide to afford 
corresponding product in good yields.
TMS
1: R=H, 75% 
2: R=Me, 74%
jn C h
CH2C12 Me O ^
R=H, 75% 
R=Me, 74%
.Ph
(1.8)
Li et al.14 have investigated the reaction o f aldehydes with a tin-silicon reagent in order to
form dihydropyrans (eq 1.9). In their hands, aromatic aldehydes gave lower yields o f 
products compared to aliphatic aldehydes.
II + Me3SivN^ ^ >\ ^ S n B u 3  J nCl3^  
O CH2C12
(1.9)
R O'
In contrast, Loh’s group15 put their effort into maximizing the yield o f 2,6-trans 
dihydropyrans. Alehydes were treated with allenic alcohols instead o f homoallylic ones 
(eq 1.10). The cyclization reaction afforded excellent yields and diastereoselectivities. It
is worth noting that, either aromatic or aliphatic aldehydes give desired products.
In(OTf)3 (10 mol %) Br
OH ^  o  TMSBr (1.2 equiv) T M S ^ A
n-BuO^ A^ ' A   ^ I  1 <1*1°)
TMS R H CH2C12 (0.1M ) n-Bu02C ^ 0 ^ R
0°C
1 equiv 1.2 equiv 2,6-trans
R= c-C6H j ], (CH3CH2)2CH, (CH3)3C 
(CH3)2CHCH2, PhCH2CH2, Ph
Speckamp and co-workers16 also constructed 2,6-dihydropyran by reacting homoallylic
alcohols with vinylsilanes. They established that the geometry o f double bond in
vinylsilane precursor is responsible for the formation o f cis- or trans- dihydropyrans. The
£-vinysilane, such as 3, favors frrms-dihydropyran whereas the Z-vinylsilane, 4, gives
mostly the cw-dihydropyran. Tables 3 and 4 show the cyclization reaction o f both the (E)-
and (Z)- vinylsilane, as well as the yields. They attributed the resulting stereochemistry to
an oxa-Cope equilibrium and different substituent orientations o f the two isomers in the
10
transition states.
Table 3
Table 4
Cyclization o f  (E)-vinylsilane and yields.
^ ^ S i M e 3
.OAc
3 (E')-isomer
Lewis Acid
R' C 02Me
Entry R alcohol
(yield%)
Lewis acid product 
(yield%; 
cis/trans ratio)
1 H (53) BF3‘OEt2 (62)
2 Me (37) BF3-OEt2 (73; 30:70)
3 c-C6U u (60) BF3’OEt2 (94; 11:89)
4 z-Bu (60) SnCl4 (87; 17:83)
5 Bn (60) BF3 OEt2 (66; 72:28)
Cyclization o f  (Z)-vinylsilane and yields. 
Me3Si.
Lewis Acid r ' X
JDAc 
R ' N0  C 02Me
4 (Z)-isomer
R' 'O C 02Me
Entry R alcohol
(yield%)
Lewis acid product 
(yield%; 
cis/trans ratio)
1 Et (41) BF3-OEt2 (69; 93:7)
2 c-C6 H „  (50) BF3*OEt2 (86; 92:8)
3 Bn (36) BF3*OEt2 (76; 95:5)
(21)
4 CH2OBn (90) SnCl4 (64; >98:2)
11
Palladium mediated reaction17
C-arylglycosides were synthesized by arylboronic acid and peracetylated glycals with 
palladium catalyst (eq 1.11).
jl Pd(OAc)2 (10 mol%) Ac(
ArB(OH)2
Ar ( 1 . 1 1 )
O A c
The mechanism was explained first syn-addition o f a a-aryl-Pd complex, 5, which was 
formed by Pd(OAc ) 2  and PhB(OH ) 2  in acetonitrile (eq 1.12), to the double bond followed 
by anti-elimination in order to provide the product.
They first carried out the reaction with stoichiometric amount o f palladium and got 
84% yield o f product. Encouraged by their success, they tried a catalytic amount o f the 
compound, and this resulted in with approximately the same yield o f desired product. 
They also noted that aryl groups with electron-withdrawing, electron-donating and bulky 
substituents on the aryl ring all worked well in this reaction. Furthermore, palladium 
chloride lead to poor yield and the starting material was completely recovered.
18Ring Closing Metathesis
Besides the metal catalyzed reaction toward the synthesis o f C-aryl glycosides, ring
12
PhB(OH)2
PhPdOAc + (AcO)B(OH)2 ( U 2 )
5
Pd(OAc)2
MeCN
closing metathesis has also gained popularity. Scheme 1 shows the retrosynthesis o f 
2,6-dideoxy-C-aryl glycosides18. This method involves conversion o f a homoallylic 
alcohol followed by etherification and metathesis to the dihydropyran.
Scheme 1. Retrosynthetic approach to the 2,6-dideoxy-C-aryl Glycosides. 
Arv  n
OH
ArN / ° N
» ArY °
OH
O
A r^ JDH Arv  ^ o .
Scheme 2 shows another ring closing methodology toward 3,6-disubstituted 
dihydropyran-2-carboxylates. Compound 6, which was synthesized via alkylation 
between allyl alcohol and bromoacetic acid, was coupled with (£)-3-penten-2-ol to afford 
compound 7, one example o f a Claisen substrate. The chair form o f transition state 
illustrated the stereochemistry preferences. For products with more stereocenters, they 
found out that the ones resulting from more oxygenated substrates afforded worse 
diastereoselectivities and lower yields o f desired glycosides. Luckily, this problem was 
resolved by lowering the tem perature19.
13
Scheme 2. Retrosynthesis o f 3,6-disubstituted dihydropyran-2-carboxylates.
OCt > ^ ^ c o 2r
r =c h 2c c i3
o  ^ c o 2r
R=H
R=CH2CC13
L OTMS
Radical Cylization
Radical cyclization toward synthesizing zw/z-2,3-disubstituted tetrahydropyran as well 
as the structural requirement for the stereoselectivities have been studied. Structure 8 in 
Figure 2 is one o f the models in the research19’20, in which the bond angle and bond 
length showed that nonbonded interaction was a main concern in the transition state. As a 
result, three example molecules with different types o f substitution were studied. 
Precursor 9 gave an indication o f the alkenyl substituent’s effect on regio- and 
stereochemistry o f cyclization. Molecule 10 showed the effect o f a new stereocenters on 
the carbon next to the oxygen, moreover 11 gave an answer o f the difference between 
cyclization conformers to afford only trans- product, although with the same amount o f 
7-ando..
The results were delineated as follows: Compound 8 afforded a mixture o f four 
compounds, which included anti-, syn-, 1-endo and reduction products, however, 
compound 9 with a vinylsilane group helped to avoid the formation o f 1-endo and
14
reduction products and increased the anti/syn ratio. The molecule 10 gave only trans 
products. Precursor 11 was responsible for two products, the trans- tetrahydropyran and 
1-endo compounds. Interestingly, this kind o f molecule with a substituent on the alkene 
moiety only gave the anti- diastereomer. These results reflected energy differences 
between the transition state conformations for each substrate, the lower o f which lead to 
the major final products.
Figure 2. Precursors o f THPs synthesis and types o f products.
8 trans- cis- 7-endo
1.2
reduction product
2.1 1.3 1.0
R elative am ounts o f  products
Starting Material trans cis 7-endo reduction
S e P h
SiM e3
0 0
9
SiM e3
[4+2] annulation reaction methodology21
Since some functionalized dihydropyrans are important subunits o f natural products, a 
route toward synthesis o f Kendomycin 1 via a 2,6-dihydropyran was designed and the 
general reaction sequence examined by conducting a model study. Both syn- and anti- 
crotyl silanes in Scheme 3 are the two core structures bearing a quaternary carbon next to 
silicon atom, which lead to part o f the fragment in Kendomycin 1. With the crotyl silane 
in hand, various kinds o f aldehyde with both aliphatic and aromatic substituents were 
investigated. From all types o f reagents, this reaction went smoothly to the desired 
products with both high yields and good diastereoselectivities. Also the results o f  this 
study were applied to the total synthesis o f Kendomycin 1.
Scheme 3. Synthetic route o f Kendomycin 1 via a vinylsilane.
OTMS
CO2M©
'SiMeoPh
OTMS
O
Kendomycin 1
.OH
Me
anti trans- DHP
16
1.3 Vinylsilane
There are two potential routes for cyclization o f vinylsilanes: exocyclic and endocyclic 
processes (Scheme 4). In each case, the silicon helps with both regio and stereochemistry 
o f the product. There are several applications o f  vinylsilane cyclization using these two 
methodologies.
Scheme 4. Two types o f vinysilane cyclization.
exocyclic
endocyclic
Exo-cyclization of vinylsilane22'25
In early 1980s, a synthetic route toward an exocyclic alkene compound with retention
22of configuration involving an iminum ion-vinylsilane reaction was explored . In essence, 
Overman and co-workers reacted (E) and (Z)- vinylsilane with formaldehyde and acid to 
stereoselectively afford the corresponding products. The iminum ion-vinylsilane 
intermediate was obtained in several steps with l-(trimethylsilyl)propyne as the starting 
material. As shown in Scheme 5, compounds 20 and 21 are (Z) and (E)- vinylsilane, 
respectively.
17
Scheme 5. Synthetic route utilizing exocyclic cyclization o f vinysilanes.
| 79% H
CH322 H c//-deplancheine
Compound 21 afforded indole alkaloid r//-deplancheine after treatment with 
paraformaldehyde and sulfonic acid catalyst. Although compound 20 suffered simple 
desilylation during the reaction at first, the problem was solved by adding excess 
paraformaldehyde; this provided the desired compound 22 in 79% yield. The complete 
retention o f exocyclic alkene configuration in both cases is noteworthy.
Ambruticine 1 (Scheme 6), an antifungal antibiotic, has drawn attention for since the 
left and right ends are tetrahydropyran and dihydropyran systems, respectively.
Scheme 6. Structure o f Ambruticine 1 and its right and left ends.
OH
COOH
24
23 Ambruticine 1
18
In this study, another synthetic route was applied named an Intramolecular Silyl 
Modified Sakurai (ISMS) condensation. This type o f reaction involves coupling between 
an aldehyde and silyl-ether which generates an oxonium ion intermediate, that undergoes 
an intramolecular cyclization proceeding to a functionalized dihydropyran. In the 
synthesis o f the target molecule, further manipulation was needed to finish the left side o f 
Ambruticine 1, which was specifically afforded after triple condensation by applying 
T rosf s reagent 25. Scheme 6 shows the retrosynthesis o f both left and right parts o f 
Ambruticine 1.
Scheme 7. Retrosynthesis o f left end o f  Ambruticine 1 
^SiM e3
,OSiMe-j K 0
24
25
^SiMe3
■fr
OH
OH
r""N>^"'R
crRA cA r
23
This approach toward exo-alkene could be also utilized to synthesizing oxacyclic 
compounds. In the mid 80’s, efforts were put into the preparation o f five-, six- and 
seven-membered cyclic ethers with exo-double bond using acetal initiators. There is one 
example o f this type o f reaction (eq 1.12), which involves a vinylsilane as the precursor. 
Compound 26 was treated with rc-BuLi and MEM-protected iodopropanol to afford 27,
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which is a Z isomer and could isomerized to E conformation. With addtion o f Lewis Acid 
catalysts, (Z)-21 proceeded via cyclization reaction to (Z)-cyclic ether and {E)-21 did the 
same reaction to afford (Z) product.
M e3Si
Br> = <
Bu
H
«-BuLi
OMEM
MEM=CH2OCHCH2OMe
Lewis Acid
SiMec
26
0
1
CH2OCH2CH2OMe
27
Z isomer Rj=H , R2=«-Bu  
E  isomer R]=«-Bu, Rj=H
( 1.12)
The success o f preparing compound 28 (Scheme 8) was of significant importance, not 
only because it was the first attempt toward 7-membered oxacyclics, but also this 
structure was used in the total synthesis o f compound 29, which is a natural product.
Scheme 8. Retrosynthesis o f natural product 29.
n-Bu
‘O'
28
OH
CH
29
Endo-cyclization of vinylsilanes26'29
As mentioned previously22'25, the preparation o f oxacylic ethers involved an 
exo-cyclization reaction. However, endo-cyclization also occurred when the nucleophilic
vinyl moiety is terminated by the trimethylsilane subtituent (eq 1.13)23
20
TMS
R ^ B r , (CH2)3Ph, H R2=H, Me
(1.13)
Not only could the 6-membered ring oxacyclics be formed in endo-cyclization reaction, 
but the seven-membered system was also prepared by the same methodology. The target 
molecule, Isolaurepinnacin 3, is a natural product, which contains a 7-membered oxacycle 
(schem e 9). Conversion o f  30 to cyclic ether 32 required Lewis acid activation, and BCI3 
afforded the highest yield, at low temperature. Only the methoxy group o f 30 was cleaved 
with boron catalyst during formation o f  intermediate 31. They also pointed out that the 
TIPS protecting group was the key component in the successful conversion.
Scheme 9. Synthesis route for isolaurepinnacin 3. 
TMS
(1) BCI3 (1.4 equiv) 
CH2C12, -78 - 0°C
c 30 X = OMe31 X = Cl
OTIPS (2 ) TBAF> THF> rt
‘OH
32
ClBr
isolaurepinnacin 3
In the case o f  Ambruticine 1, the endo-cyclization o f vinylsilane with aldehydes was
also investigated24. The core reaction between vinylsilane and aldehyde toward
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dihydropyran subunit o f the molecule is shown in Scheme 10. In the model study, both 
aliphatic and aromatic aldehydes could afford synthetically useful yields in this reaction. 
With the encouraging results, the required tri-substituted dihydropyran was synthesized in 
80% yield as a single isomer during the final model study. Supported by the model studies, 
molecule 24 were prepared under TMSOTf-catalyzed ISMS reaction with excellent 
yields.
Scheme 10. Retrosynthesis o f right end o f Ambruticine 1.
There is another case o f iminium ion-vinysilane cyclization (eq 1.14) , which is an 
important method for preparing nitrogen heterocycles. In the research, frvms-disubstituted 
tetrahydropyridines were prepared by this approach starting from amino acid derivative 
after separation from the c/s-isomers. They concluded that cyclization reaction was more 
rapid than racemization in all cases o f iminium ion intermediates.
Me
OSiMe^
24
+  O'
COOH
(1.14)
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Chapter Two: Results and Discussion
2.1 Preliminary results
Prior to this research, Hinkle and co-workers investigated the BiBr3 initiated tandem 
silyl-Prins cyclization reaction toward 2,6-disubstituted DHPs using a triethylsilyl 
protected vinylic alcohol as the nucleophile and various aldehydes. They first tried 
(Z)-l-trimethylsilyl-4-triethylsilyloxybutene and benzaldehyde as starting material
With only 5 mol% BiBr3 , these authors obtained the desired dihydropyran in 74% 
isolated yield, which was better than the yield obtained with an indium catalyst. After 
success with the simple unsubstituted substrate, they extended their examples to include 
an homoallylic silanol to react with benzaldehyde in order to determine the 
stereochemistry. Also different amount and types o f catalytic systems were chosen to 
optimize the reaction. The results are shown below in Table 5. The result showed that 5% 
o f BiBr3 in CH 2 CI2 is efficient for this reaction. Encouraged by the success o f this 
cyclization, they further extended the research to both aliphatic and aryl substituted 
vinylsilanes and various aldehydes. It turned out that all the vinylsilanes afforded smooth 
reaction and good to excellent yields after chromatography.
Having proved that aldehyde is an efficient substrate for synthesis o f 
2,6-dihydropyrans, we decided to explore the in situ rearrangement o f epoxides instead o f
(eq 2.1) 30.
(2 .1)
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aldehyde as the precursor, since epoxides have been shown to rearrange20,21 to form 
aldehydes under Bi(III)-catalyzed conditions.
Table 5. Optimization for the synthesis o f 2,6-dihydropyran30.
n‘C5H11"'
OTES
+  Ph— CHO 
TMS
L.A. a.n-C5
entry acid conditions yield (%)
5% o f  BiBr3 rt 70
2 5% o f BiBr3 in CH3CN rt 55
10% o f HC1 rt 45
4 5% o f TiCl4 -78 to rt 18
10% o f BF3* OEt2 -78 to rt 60
6 10% o f TM SOTf -78 to rt
54
2.2 Synthetic route and data analysis
The idea o f constructing 2,6-disubstituted-2,6-dihydro-2H-pyrans began with the 
synthesis a variety o f substituted TMS-alkynols as shown in Scheme 11. According to 
literature procedures, TMS-alkynols with different substitution patterns could be 
synthesized by two routes: one is the direct coupling reaction between
3-brom o-l-trim ethylsilyl-l-propyne and aldehyes catalyzed by Zn(0) under sonication,
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the other one was via ring opening o f epoxides with lithium trimethylsilylacetylide in the 
presence o f BF 3 *OEt231. Both o f these routes afforded up to 85% yields after work-up and 
chromatography without complications. For the first route, all the precursors were mixed 
well in an ice bath before sonicating for around 4 hours. Upon reaction completion, as 
indicated by aldehyde consumption (TLC), 2M FIC1 was added to quench the zinc 
alkoxide and consume the unreacted Zn metal. After filtration through celite under 
vacuum, an orange liquid remained. The further steps included washing with Na2 S0 3 , 
extraction with CFI2 CI2 and drying through MgSC>4 . The whole process was quite simple 
and afforded about 85% yield o f product each time. The second route was also 
straightforward, which included using «-BuLi and BF3-Et20. The trimethylsilylacetylene 
was first cooled to -78°C and 77-BuLi added, which required slow mixing since the 
deprotonation is exothermic. After adding all the reactants, the mixture was slowly 
warmed to -30°C over 2 hours. The reaction was completed after stirring at -30°C for 
19 hours. This process also afforded good yields, which were typically around 80% after 
chromatography.
Scheme 11. Synthesis route for TMS-alkyn-ol.
O
Br> -TMS +  RA
-TMS
H
25
OH
R
-TMS
33a-33e
The subsequent step involved the semi-reduction o f the resulting alkyne in order to 
get the (Z)- alkene (scheme 12). P-2 reduction8 32 was the first method we tried for the 
semi-reduction. Since the alkyne and alkene have nearly the same Rf in a wide range o f 
solvents, small aliquots were periodically removed and examined by ]H and 13C NM R 
spectroscopy; the absence o f alkyne resonances in the 13C NMR spectrum indicated that 
the reduction was complete. The reaction was then stopped by washing with aqueous 
NaCl solution. The mixture was then extracted with Et20, dried through magnesium 
sulfate and the solvent evaporated. During the first few trials, the P-2 Ni(0) reduction 
caused some problems, such as partial reduction, isomerization and over-reduction. As the 
first suspicion, we thought the problem might be caused by the old NaBFfi and decided to 
try a new bottle. The result suggested that the new bottle o f NaBFfi improved the reaction 
significantly, although the yields still varied. In the next few trials, we increased the 
amounts o f NaBH4, N i(0A c)2-H20  and ethylenediamine relative to alkyne and this 
improved the overall process with yields. The product o f the P-2 Ni reduction was very 
clean, and did not require further chromatography. Besides P-2 Ni reduction, we tried 
DIBAL reduction with reflux for 12 hours, which caused some complications, such as 
isomerization, low conversions or partial reduction. Furthermore, the yields from 
attempted DIBAL reductions were also low. Overall, P-2 Ni reduction was the most 
efficient.
Following the reduction, the alcohol was protected using TESOTf/imidazole in 
CH2C12. This silylation was an easy and rapid one, which usually was complete within an
hour after we increased the ratio o f imidazole and TESOTf to 1.7 and 1.5 equivalents,
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respectively. Since a co-worker discovered that the TMS group was cleaved if  the 
reaction was allowed to go longer than 2 hours, forcing the reaction with excess reagents 
was preferred over longer reaction times. The TES-protected product was obtained in 
yields up to 90% after purification via column chromatography and then examined in the 
key reaction sequence shown in Scheme 12.
The core experiment was the reaction between vinylsilanes 35a-35c and various 
epoxides catalyzed by Lewis acid. The Lewis acid, Bi(0Tf)3-nH20, first assisted with the 
epoxide rearrangement reaction as described by Mohan and co-workers,21,22 which is 
shown in Scheme 13 and then catalyzed the cyclization reaction. Since epoxides with 
different substitution patterns need various times to complete the aldehyde formation, we 
let the epoxides rearrange first for some time before adding the vinylsilane. In our cases, 
frvms-stilbene oxide, isobutylene oxide and styrene oxide all gave one single isomer o f the 
dihydropyran product.
Scheme 12. Synthetic route for 2,6-disubstituted pyrans.
TESOTf
OH
33a - 33e 34a - 34d
TMS CH2C12
O
rt,12h
B i(0T f)3 -nH20
35a - 35c 36a - 36e
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Scheme 13. Mechanism o f epoxide rearrangement and DHPs formation.
0
OTES
-TMS
TM S
R R
©  R1 TMS
The best yield we obtained was between the TES protected version o f 
(Z)-l-phenyl-6-(trimethylsilyl)hex-6-en-3-ol and styrene oxide (Table 6, entry 1), which 
was around 60% after purification by column chromatography using 97:3 petroleum 
ether : ether. However, reactions o f styrene oxide with other vinylsilanes afforded various 
yields in this kind o f reaction (entries 4-6 and entry 8). With isobutylene oxide and 
Znms'-stilbene oxide, the best yield was 44% after purification (entries 2-3). We also tried 
reacting the unprotected alcohols with epoxides (entry 5 and entries 8-9), which afforded 
lower yields than reactions with the TES-protected vinylsilanols, 35a-35c. Since we did 
not get good yields with epoxides, we re-examined aldehyde substrates and got up to 85% 
yields under the same reaction conditions (entries 6 and 10). This result suggested that 
there must be something occurring during the epoxide ring opening process which alters 
the catalyst, although we are still not quite sure what that process is. In the M ohan’s 
paper20, the authors pointed out that most o f the epoxides rearrange within a very short 
period o f time with good to excellent yields. This result was also supported by separate 
experiments in our lab, which showed that /nms-stilbene oxide rearranged within 10 
minutes with up to 90% yields catalyzed by as little as 1 mole % o f Bi(OTf)3 . In the case
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o f our vinylsilanes, the (Z)-l-phenyl-6-(trimethylsilyl)hex-6-en-3-ol was the best 
substrate in this specific cyclization reaction.
Table 6. Yields between various substituted epoxides and vinylsilanes.
RO
R1
O 1-5mol% Bi(OTf)3.4H20
TMS + ' \   ►R2 r 3 CH2CI2 l rt,12h R1. . 0 R^
R=H or TES 
35a - 35c
R3 
36a - 36f
Entry vinylsilane epoxide product Yield (%)
10
OTES O
PK
TMS O
TESO
TMS
HO
TMS
O
Ph 'Ph 
O
/
Ph'
Ph
Ph
Ph
Ph
Ph
Ph
Ph. O
O Ph.
Ph'
'O
TESO / = n O
O-
TMS ph/  P h ^ k 0 ^ O . ph
Ph
O
Ph
HO /==n O
TMS
O-
Ph
Ph'
O
Ph 'Ph 
O
Ph
Ph
Ph
p h ^ ^ 0 /J>N ^ 0 ' p h  
Ph
Ph H Ph O ' ^ ° ' P h
59%
44 %
41%
51%
40%
34%
85%
15%
10%
69%
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Furthermore, the amount o f Bi(OTf)3  affected the yields in some cases o f our 
experiments. At the first stage o f our research, we decided to use lmol%  o f Bi(OTf) 3  to 
explore its catalytic capability. For the reactants in entry 1, we got pretty good yield, 
which was around 59%. With this promising result, we tried the same equivalent amount 
o f Bi(OTf) 3  to carry out the reaction with isobutylene oxide and /nms-stilbene oxide 
(entries 2 and 3). To our surprise, it afforded yields as low as 30%. In the next step, we 
examined the reaction using both 2 and 5 mol% o f the catalyst with these two precursors. 
Both reactions gave almost the same yields: 44% for isobutylene oxide, and 41% for 
/nms-stilbene oxide. For entry 6  and entries 8-9, we started with 1 mol% o f  Bi(OTf)3  and 
increased the amount to 5 mol%; however, none o f them afforded good yields and gave 
product as low as 1 0 %.
2.3 Stereochemistry discussion of intermediates
All the pyrans were shown to be cis isomers by qualitative NOE experiments, which 
could be explained by the transition state (Figure 3). After activation by the Lewis acid, 
the carbonyl carbon was attacked by the nucleophilic alcohol oxygen, followed by the 
cyclization affording the carbocation stabilized by the silicon p-effect33. The cis- product 
was observed after elimination o f the TMS group (Scheme 14). In the transition state, 
both R groups from epoxides and vinylsilane occupied the pseudoequatorial position, 
which maximized the stabilization o f the chair form. The P-effect (Figure 4) is due to the 
interaction between the carbon-silicon sigma-bond and the empty p  orbital at the cation 
carbon34.
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Figure 3. Transition state for the Silyl-Prins cyclization.
TMS
R’
H
H
Figure 4. Interaction between the carbon-silicon sigma-bond and the empty p orbital.
Furthermore, the oxa-Cope rearrangement was believed to take place in the 
intermediate, which is depicted in Scheme 14. Intermediate A could occur via a [3,3] 
sigmatropic oxonia-Cope rearrangement to form B, both o f which avoided diaxial 
interaction between two substitutions on the two carbons adjacent to the oxygen and then 
afforded the c/s-DHPs. On the contrary, intermediate A ’ and its rearrangement product B ’ 
suffered from less stable pseudo-axial orientation, although they provided another 
pathway to the cyclization to form the trans pyrans.
In both cases, the TMS group occupied the pseudoaxial position to maximize the 
stabilization o f the developing carbocation. From the Newman projections (Scheme 15), 
the o bond between carbon and pseudoaxial silicon helped with the cyclization process, 
while the pseudoequatorial silicon did not participate in the cyclization.
Scheme 14. Intermediates in Silyl-Prins cyclization.
R CT R
OTES
TMS
R
TMS
+
r ' - c h o
TMS
oxa-Cope
R
TMS
H
B
H R' 
A '
oxa-Cope
R
iTMS
H
H R' 
B*
Scheme 15. Newman projections o f TMS group orientation.
Vie;w 
TMS Direction
View
Direction
empty p orbital o f carbocation
H pseudoaxial silicon
TMS H
TMS pseudoequatorial silicon
empty p orbital o f carbocation
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Loh and co-workers also discussed the effect o f the stereochemistry in the silyl-Prins 
cyclization. Since the czs-dihydropyrans are easy to obtain, these authors put effort into 
synthesizing the trans pyrans. As shown in Scheme 16, the alkyl and phenyl substitutions 
on the vinylsilanes suffered from 1,3 diaxial interaction with the hydrogen atom so that 
the intermediate C will equilibrate to C ’, in which the R> group will adopt the 
pseudoequatorial position and rapidly lead to the cis DHPs. They found out that the 
a-alkoxy substituted vinylsilane could afford 50% trans products with various aldehydes. 
It was explained by the electronic interaction between the carbonyl group and the 
7c-electrons o f the double bond even though the diaxial interaction still existed. As a result, 
the equilibrium constant between intermediate D and D’ was approximately 1, which 
made the chance o f forming cis- and trans- DHPs equal.
The interaction between substitutions was also suggested in the cyclization o f iminium 
ion26. The cw-isomer could be formed by both E and E ’, while the trans-product could be 
afforded by F and F ’ (Scheme 17). However, E ’ was eliminated because o f the strong 
interaction between the methyl and phenyl group. F ’ was also less possible to exist due to 
the phenyl group occupied the pseudoaxial position, which destabilizes the half chair 
form. As a result, E and F have similar energy, which means both cis and trans 
dihydropyridines could be formed equally.
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Scheme 16. Interplay o f 1,3 diaxial interaction and stereoelectronic effect.
RCHO  ►
L .A
R' = alkyl, phenyl
RCHO
L.A
y  strong 1,3-diaxial H
1 interaction
—
H
R' = COOR 2
2,6-trans
C'
I  Nu
NuA
2,6-cis
A Nu
OR'
D ’
Scheme 17. Intermediates for cis- and trans- pyrans formation
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2.4 Conclusion
The project was aimed to synthesize the 2,6 -disubstituted dihydropyrans (DHPs) via 
vinylsilanes and epoxides catalyzed by Bi(OTf ) 3  The results proved that it is a feasible 
method toward the synthesis o f DHPs with 1-5% Bi(III) catalysts. The reaction between 
TES protected (Z)-l-phenyl-6-(trimethylsilyl)hex-6-en-3-ol and styrene oxide afforded 
the best yield during the whole research, which was 59%. The reactions with isobutylene 
oxide and rram -stilbene oxide were less efficient and only provided up to 44% yield 
under 5% Bi catalyst. Due to the low yields with epoxides, we carried out reactions using 
commercially-available aldehydes as the reagents; the result showed that 85% yield was 
afforded. Furthermore, we compared the yields between TES protected vinylsilanes and 
non-protected vinylsilanes and it showed that the TES protected version afforded better 
yields, which implied that TESOTf might be the real catalyst in the whole process.
Also, all the spectral data o f the dihydropyran systems have been confirmed with 
those o f the c/s-dihydropyrans that Hinkle and co-workers previously reported. The 
stereochemistry o f the products could be explained by the pseudoequatorial position o f 
the substituents on the adjacent carbons next to oxygen. Also the Oxa-cope rearrangement 
and silyl group orientation played an important role in the cyclization process.
Further research toward optimizing reactions o f /ram -stilbene oxide and isobutylene 
oxide are needed. The catalytic cycle is also under investigation.
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Chapter Three: experimental section
All reagents were used as received unless other wise noted. Dichloromethane was 
distilled form CaHhand THF was purified via a Solv-Tek solvent purification system. 13C 
NM R spectra were recorded with the aid o f an APT sequence in which methylene and 
quaternary carbons = e (even) and methyl and methane carbons = o (odd). Coupling 
constants were determined by the method o f Hoye35. Thin layer chromatography was 
performed on Sorbent technologies. Tech general-purpose silica gel on glass and flash 
chromatography was performed using Sorbent Technologies chromatography silica gel 
(200-475 MESH).
General procedure of Zinc coupling reaction toward TMS-alkyn-oI
To an oven dried round bottom flask, was transferred distilled tetrahydrofuran (THF) 
(50 mL). Zinc powder (5.0 equiv) was added to the solvent and then the solution was 
cooled to 0°C with ice bath. Aldehyde (1.0 equiv) was injected via syringe to the cooled 
solution, followed by the addition o f 1 ,2 -diiodoethane ( 1 . 0  equiv). 
3-Bromo-l-trimethylsilyl -1-propyne (1.5 equiv) was injected slowly by syringe 
afterwards. The solution was warmed up to room temperature and sonicated for 3 hours. 
When the starting material was consumed, the reaction was quenched by slowly adding 
2M (10 mL) HC1. The solution was then vacumn filtered through celite and washed with 
aqueous Na2 S2 ( > 3  (2*100  mL), extracted with CH2 CI2 (2*25  mL), dried through 
anhydrous MgS0 4  and concentrated in vacuo. All the crude samples were purified by 
column chromatography on silica gel.
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Preparation of l-phenyl-6-(trimethylsilyl)hex-5-yn-3-ol,
OH
C 1 5H22OSi 
Exact Mass: 246.14 
Molecular Weight: 246.42 
C, 73.11; H, 9.00; O, 6.49; Si, 11.40
(33a)
According to the general procedure, 3-phenylpropionaldehyde (2.32 g, 17.3 mmol, 1.0 
equiv) was treated with 3-brom o-l-TM S-l-propyne (5.00 g, 26 mmol, 1.5 equiv),
1,2-diiodoethane (4.9 g, 17 mmol, 1.0 equiv) and zinc powder (5.7 g, 87 mmol, 5.0 equiv) 
to provide the crude TMS-alkynol. The crude product was purified by chromatography 
(9:1 -  8:2 hexanes:ethyl acetate, Rf= 0.33 in 8:2 hexanes:ethyl acetate) to afford 3.10 g 
(73%) o f clean material. ’H-NMR (400 MHz, CDC13): 5 7.19 -  7.32 (5H, m), 3.77 (1H, 
dddd, J =  12, 6 , 6 , 6  Hz), 2.67 -  2.86 (2H, m), 2.45 (2H, dtd, J =  16.8, 16.8, 6  Hz), 1.99 
(1H, d, J =  4.8 Hz), 1.84 -  1.90 (2H, m), 0.14 (9H, s); 13C NMR (100 MHz, CDC13): 5 
141.9(e), 128.6(o), 126.0(o), 103.2(e), 87.9(e), 69.2(o), 37.9(e), 32.0(e), 29.1(e), 0.23(o);
Preparation of l-(4-(trifluoromethyl)phenyl)-4-(trimethylsilyl)but-3-yn-l-oI
OH
TMS
Exact Mass: 286.10
Molecular Weight: 286.36 
C, 58.72; H, 5.98; F, 19.90; O, 5.59; Si, 9.81
(33b)
According to the general procedure, 4-trifluoromethylbenzaldehyde (4.0 g, 23 mmol,
1.0 equiv) was treated with 3-brom o-l-TM S-l-propyne (6 . 6  g, 35 mmol, 1.5 equiv),
1,2-diiodoethane (6.5 g, 23 mmol, 1.0 equiv) and zinc powder (7.5 g, 115 mmol, 5.0 
equiv) to afford desired product 5.26 g (80%) after purification by chromatography (9:1 
hexanesrethyl ether -  8:2 hexanes:ethyl ether, R f = 0.35 in 8:2 hexanes: ethyl ether). 'H  
NM R (400 MHz, CDC13) 5 7.45 -  7.52 (2H, m), 7.59 -  7.61 (2H, m), 4.83 -  4.92 (1H, m), 
4.10 (1H, dd, J =  5.5, 5.5 Hz), 2.79 (1H, dd, J =  5.0, 2.3 Hz), 2.81(1H, dd, J =  5.5, 2.3 
Hz), 0.14(9H, s); 13C NM R (100 MHz, CDC13) 8  146.6(e), 130.3(e), 126.3(o), 125.4(o), 
102.3(e), 88.7(e), 71.8(o), 60.1(e), 31.3(e), 0.08(o).
General procedure of epoxide ring opening reaction toward TM S-alkyne-ol16
The following reactions were carried out under argon. Distilled THF (90 mL) was 
added to a flame-dried round bottom flask, followed by addition o f 
trimethylsilylacetylene (1.17 equiv) and n-BuL\ (1.17 equiv 1.6 M in hexane). The 
solution was cooled to -78°C with dry ice and isopropanol and stirred for 10 minutes. 
Substituted epoxide (1.0 equiv) was injected via syringe under -78°C with stirring for 
another 10 minutes, and then BF 3 -Et2 0  (1.17 equiv) was added afterwards. The solution 
was warmed to -30°C gradually with stirring over 2 h, and kept stirring for 19 h. The 
solution was quenched by saturated aqueous NH 4 CI, and extracted with diethyl ether. 
After drying through anhydrous MgSO^ the crude product was formed in vacuo. 
Chromatography was needed to afford clean compounds.
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Preparation of l-chloro-5-(trimethylsilyl)pent-4-yn-2-ol
OH
Cl — TMS
C 8 H 1 5 C10Si 
Exact Mass: 190.06 
M olecular Weight: 190.74 
C, 50.37; H, 7.93; Cl, 18.59; O, 8.39; Si, 14.72
(33c)
According to the general procedure, epichloropydrin (4.6 g, 60 mmol, 1.0 equiv) was
treated with trimethylsilylacetylene (10 mL, 70 mmol, 1.17 equiv), rc-BuLi in hexanes (44
mL, 70 mmol, 1.17 equiv) and BF 3 Et2 0  (9.8 mL, 70 mmol, 1.17 equiv) to afford 10.45 g
(85%) desired product after purification by chromatography using gradient elution (9:1
hexanes:ethyl ether -  8:2 hexanes:ethyl ether, R f = 0.34 in 8:2 hexanes: ethyl ether). ]H
NM R (400 MHz, CDC13) 5 3.94 -  4.00 (1H, m), 3.59 -  3.64 (1H, m), 3.71 (1H, dt, J =  11,
4 Hz), 2.50 -  2.63 (2H, m), 0.14 (9H, s); 13C NM R (100 MHz, CDC13) 5 101.4(e), 88.5(e),
69.8(o), 48.8(e), 25.9(e), 0.2(o).
Preparation of l-(trim ethylsilyl)oct-7-en-l-yn-4-ol
OH
TMS
C n H20OSi 
Exact Mass: 196.13 
M olecular Weight: 196.36 
C, 67.28; H, 10.27; O, 8.15; Si, 14.30
(33d)
According to the general procedure, l,2-epoxy-5-hexene (5.9 g, 60 mmol, 1.0 equiv) 
was treated with trimethylsilylacetylene (10 mL, 70 mmol, 1.17 equiv), rc-BuLi in
hexanes (44 mL, 70 mmol, 1.17 equiv) and BF 3 Et2 0  (9.8 mL, 70 mmol, 1.17 equiv) to
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afford the desired product 9.16 g (73%) after purification by chromatography (9:1
hexanes:ethyl ether -  8:2 hexanes:ethyl ether; Rf = 0.41 in 8:2 hexanes:ethyl ether). *H
NM R (400 MHz, CDC13) 5 5.72 -  5.89 (1H, m), 5.00 (2H, dd, J  = 14.0, 7.0 Hz), 3.65 -
3.79 (1H, m), 2.40 (2H, dd, J =  13.6, 6.5 Hz), 2.11 -  2.23 (2H, m), 1.61 (2H, dt, J =  13.6,
13.6Hz), 0.14 (9H, s); 13C NM R (100 MHz, CDC13) 5 138.3(o), 115.1(e), 103.3(e),
87.8(e), 69.4(o), 35.4(e), 30.0(e), 29.0(e), 0.23(o).
Preparation of l-phenoxy-5-(trimethylsilyl)pent-4-yn-2-ol
OH
XL J s .  TMS
Ph
Cn^oC^Si 
Exact Mass: 248.12 
Molecular Weight: 248.39 
C, 67.70; H, 8.12; O, 12.88; Si, 11.31
(33e)
According to the general procedure, 2-(phenoxymethyl)oxirane (9 g, 60 mmol, 1.0 
equiv) was treated with trimethylsilylacetylene (10 mL, 70 mmol, 1.17 equiv), w-BuLi in 
hexanes (44 mL, 70 mmol, 1.17 equiv) and BF3 Et2 0  (9.8 mL, 70 mmol, 1.17 equiv) to 
afford 12.3 g (83%) product after purification by chromatography (9:1 hexanes:ethyl 
ether -  8:2 hexanes:ethyl ether; Rf = 0.42 in 8:2 hexanes: ethyl ether). ]H NM R (300 MHz, 
CDC13) 5 7.21 - 7.25 (2H, m), 6.83 -  6.93 (3H, m), 4.10 (1H, dddd, J =  6.0, 6.0, 6.0, 6.0 
Hz), 3.88 (2H, d, J =  5.9 Hz), 2.36 -  2.53 (2H, m), 0.14 (9H, s); 13C NM R (100 MHz, 
CDC13) 6  158.6(e), 129.7(o), 121.4(o), 114.8(o), 102.2(e), 88.0(e), 70.6(e), 6 8 .6 (o), 
25.2(e), 0.2(o).
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General procedure o f hydrogenation
The following reactions were carried out under hydrogen. A solution o f Ni(0 AC)2 -H2 0
(0.8 equiv) was added to degassed EtOH was stirred for 5 minutes with hydrogen balloon
sparging. With addition o f NaBEL* (0.8 equiv) the solution was stirred for 5 more minutes
under hydrogen sparging. TMS-alkyne-ol (1.0 equiv) was injected after adding
ethylenediamine (1.2 equiv). The solution was stirred for 10 minutes with sparging before
adding 10 drops o f  cyclohexene. The reaction was checked frequently by H 1 and C 13
NM R spectroscopy by removing small aliquots and subjecting to small scale workup. The
complete reaction was quenched by adding saturated brine, and extracted with ethyl ether.
Washing the solution with more brine (4><50 mL) and back-extracted with diethyl ether (3
x50 mL). The combined organic layers were dried and concentrated in vacuo to afford the
desired product, which was sufficiently pure to carry on to subsequent reactions.
Preparation of (Z)-l-phenyl-6-(trimethyIsiIyl)hex-6-en-3-ol
OH
Ph
Exact Mass: 248.16 
Molecular Weight: 248.44 
C, 72.52; H, 9.74; O, 6.44; Si, 11.30
(34a)
According to the general procedure, l-phenyl-6-(trimethylsily!)hex-5-yn-3-ol (2.60 g, 
11 mmol, 1.0 equiv) was treated with Ni(0 Ac)2 'H 2 0  (2.10 g, 8.4 mmol, 0.8 equiv), 
NaBH4 (0.32 g, 8.4 mmol, 0.8 equiv) and ethylenediamine (0.72 g, 12 mmol, 1.2 equiv) to 
provide 2.32 g (89%) o f pure TMS-alkene-ol. ’H NMR (400 MHz, CDC13): 5 7.17 -  7.30
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(5H, m), 6.31 (1H, ddd, J =  14.0, 7.0, 7.0 Hz), 5.70 (1H, d, J =  14 Hz), 3.69 (1H, dddd, J  
= 11.0, 5.5, 5.5, 5.5 Hz), 2 .6 6 -2 .8 6  (2H, m), 2 .2 7 -2 .3 9  (2H, m), 1.72 -  1.83 (2H, m), 
0.13 (9H, s); 13C NMR (100 MHz, CDC13) 5 144.2 (o), 142.2(e), 133.2(o), 128.6(o), 
128.5(o), 126.0(o), 70.7(o), 41.6(e), 38.8(e), 32.2(e), 0.5(o); IR (neat) 3353(s), 3023(s), 
2954(s), 1604(s), 1496(s), 1454(s), 1248(s), 1053(m), 834(m), 763(s), 698(s) cm '1.
Preparation of l-(trim ethylsilyl)oct-l-en-4-ol
OH
TMS
C n H24OSi 
Exact Mass: 200.16 
Molecular Weight: 200.39 
C, 65.93; H, 12.07; O, 7.98; Si, 14.02
(34b)
According to the general procedure, l-(trimethylsilyl)oct-l-yn-4-ol (3.6 g, 18.5 mmol,
1.0 equiv) was treated with Ni(0 Ac)2 ’H 2 0  (3.7 g, 15 mmol, 0.8 equiv), NaBH 4 (0.57 g, 
15 mmol, 0.8 equiv) and ethylenediamine (1.3 g, 22.6 mmol, 1.2 equiv) to afford 3.0 g 
(81%) clean product. ’H N M R  (400 MHz, CDC13) 5 6.33 (1H, ddd, J =  14.4, 7.2, 7.2 Hz), 
5.67 (1H, d, J  = 14 Hz), 3.64 (1H, dddd, J =  5.8, 5.8, 5.8, 5.8 Hz), 2.21 -  2.27 (2H, m), 
1.24 -  1.46 (6 H, m), 0.90 (3H, t, 6.0 Hz), 0.15 (9H, s); ,3C NM R (100 MHz, CDC13) 6  
145.6(o), 130.7(o), 72.4(o), 41.4(e), 37.2(e), 27.8(e), 23.1(e), 14.3(o), 0.4(o); IR (neat) 
3371 (s), 2957(s), 2931(s), 2861(m), 1607(s), 1409(s), 1380(s), 1249(s), 1040(s), 858(s), 
838(s), 763(s).
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Preparation of (Z)-l-phenoxy-5-(trimethyIsilyl)pent-4-en-2-ol
OH
TMS
^14^22^2^^
Exact Mass: 250.14 
Molecular Weight: 250.41 
C, 67.15; H, 8 .8 6 ; O, 12.78; Si, 11.22
(34c)
According to the general procedure, l-phenoxy-5-(trimethylsilyl)pent-4-yn-2-ol (4.0 g, 
16 mmol, 1.0 equiv) was treated with Ni(0 Ac)2 -H2 0  (3.18 g, 13 mmol, 0.8 equiv), 
NaBH4(0.48 g, 13 mmol, 0.8 equiv) and ethylenediamine (1.15 g, 19 mmol, 1.2 equiv) to 
afford 2.62 g (82%) clean product. ]H NM R (400 MHz, CDCE) 5 7.22 -  7.26 (2H, m),
6.84 -  6.95 (3H, m), 6.38 (1H, ddd, J =  14.0, 7.0, 7.0 Hz), 5.71 (1H, d, J  = 13.5Hz), 4.11 
(1H, dddd, J =  6.0, 6.0, 6.0, 6.0 Hz), 3.86 (2H, d, J =  5.8 Hz), 2.37 -  2.55 (2H, m), 0.14 
(9H, s); ]3C NM R (100 MHz, CDC13) 5 159.0(e), 144.4(o), 131.9(o), 129.8(o), 120.4(o), 
114.9(o), 72.1(e), 71.3(o), 38.6(e), 0.4(o);
Preparation of (Z)-l-(4-(trifluoromethyl)phenyl)-4-(trimethylsilyl)but-3-en-l-ol
OH
f3c
C 1 4 H 1 9 F3OSi 
Exact Mass: 288.12 
Molecular Weight: 288.38 
C, 58.31; H, 6.64; F, 19.76; O, 5.55; Si, 9.74
(34d)
According to the general procedure,
l-(4-(trifluoromethyl)phenyl)-4-(trimethylsilyl)but-3-yn-l-ol (3.9 g, 13.6 mmol, 1.0 equiv)
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was treated with Ni(0 Ac)2 -H2 0  (2.7 g, 10.9 mmol, 0.8 equiv), NaBH4(0.41 g, 10.9 mmol, 
0.8 equiv) and ethylenediamine (0.98 g, 16.3 mmol, 1.2 equiv) to afford desired product 
3.92 g (93%). ]H NM R (400 MHz, CDC13) 5 7.46 -  7.52 (2H, m), 7.60 -  7.63 (2H, m), 
6.30 (1H, dddd, J =  14.4, 7.4, 7.4, 4.7 Hz), 5.76 (1H, ddd,  J  = 14, 3.5, 1.2 Hz), 4.78 -
4.83 (1H, m), 2.55 -2 .6 8  (2H, m), 0.14 (9H, s); 13C NMR (100 MHz, CDC13) 6  148.1(e), 
143.0(o), 134.6(o), 126.3(o), 125.6(o), 73.2(o), 71.8(o), 43.4(e), 31.4(e), 0.4(o).
General procedure o f alcohol protection by TESOTf
The following reactions were carried out under argon. Imidazole (1.7 equiv) was 
added to distilled CH2 CI2 in a flame-dried round bottom flask. The solution was cooled to 
0°C in ice bath with addition o f  alcohol (1.0 equiv). TESOTf (1.5 equiv) was injected via 
syringe to the cooled solution. The solution was warmed to room temperature and stirred. 
The reaction was monitored by frequently checking for disappearance o f starting material 
by TLC. Upon completion, the reaction was quenched by saturated aqueous N aH C 0 3 and 
extracted with CH 2 CI2 The desired organic layer was dried through MgS0 4  and 
concentrated in vacuo to afford the crude product, which needed further purification. 
Preparation of (Z)-triethyl(l-phenyl-6-(trimethylsilyl)hex-6-en-3-yloxy)silane
TMS
C2]H3gOSi2  
Exact Mass: 362.25 
Molecular Weight: 362.70 
C, 69.54; H, 10.56; O, 4.41; Si, 15.49
(35a)
According to the general procedure, (Z)-l-phenyl-6-(trimethylsilyl)hex-5-en-3-ol (2.3 g,
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9.2 mmol, 1.0 equiv) was treated with imidazole (1.1 g, 15.6 mmol, 1.7 equiv) and 
TESOTf (3.65 g, 13.8 mmol, 1.5 equiv) to afford 2.9 g (87%) clear product, after 
purification by chromatography (pure hexanes - 95:5 hexanes:ethyl acetate -  9:1 
hexanes:ethyl acetate; Rf=0.83 in 9:1 hexanes: acetate); ]H NM R (400 MHz, CDCfi) 5
7.19 -  7.31 (5H, m), 6.34 (1H, ddd, J =  14.4, 7.2, 7.2 Hz), 5.59 (1H, d, J =  14.4 Hz), 3.82 
(1H, dddd, J =  6.0, 6.0, 6.0, 6.0 Hz), 2.58 -  2.78 (2H, m), 2.35 -  2.39 (2H, m), 1.74 -
1.83 (2H, m), 0.99 (9H, t, J =  8.0 Hz), 0.63 (6 H, q , J =  8.0 Hz), 0.13 (9H, s); 13C NMR 
(100MHz, CDCfi) 5 145.1(o), 142.7(e), 131.l(o), 128.6(o), 125.9(o), 72.0(o), 41.4(e), 
39.2(e), 31.9(e), 7.2(o), 5.4(e), 0.4(o);
Preparation of (Z)-triethyl(l-trim ethylsilyl)oct-l-en-4-yloxy)silane
TMS
Ci7H380Si2 
Exact Mass: 314.25 
M olecular Weight: 314.65 
C, 64.89; H, 12.17; O, 5.08; Si, 17.85
(35b)
According to the general procedure, (Z)-l-(trim ethylsilyl)oct-l-en-4-ol (1.0 g, 5 mmol,
1.0 equiv) was treated with imidazole (0.58g, 8.5 mmol, 1.7 equiv) and TESOTf (2.0 g, 
7.5 mmol, 1.5 equiv) to afford 1.33 g (84%) pure product after chromatography 
purification (pure hexanes -  95:5 hexnaes:ethyl acetate -  9:1 hexanes:ethyl acetate; Rf = 
0.80 in 9:1 hexanes: ethyl acetate); ]H NM R (400 MHz, CDCfi) 5 6.36 (1H, ddd, J  = 14, 
7, 7 Hz), 5.58 (1H, d, J =  14.3 Hz), 3.73 (1H, dddd, J =  5.8, 5.8, 5.8, 5.8 Hz), 2.29 -  2.33
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(2H, m), 1 .2 4 -1 .5 1  (6 H, m), 0.99 (9H, t, J =  8.1 Hz), 0.92 (3H, t , J =  6.7 Hz), 0.62 (6 H, 
q, J =  8  Hz), 0.14 (9H, s); 13C NM R (100 MHz, CDC13) 8  145.6(o), 130.7(o), 72.4(o), 
41.4(e), 37.2(e), 27.8(e), 23.1(e), 14.3(o), 7.2(o), 5.3(e), 0.4(o); IR (neat) 2955(s), 2912(s), 
2876(s), 1607(s), 1460(s), 1416(s), 1379(s), 1248(s), 1090(s), 1057(s), 1008(s), 858(s), 
838(s).
Preparation of (Z)-triethyl(l-phenoxy-5-(trimethylsilyl)pent-4-en-2-yloxy)silane
TMS
^20^3 6 ^ 2 S^i2
Exact Mass: 364.23 
Molecular Weight: 364.67 
C, 65.87; H, 9.95; O, 8.77; Si, 15.40
(35c)
According to the general procedure, (Z)-l-phenoxy-5-(trimethylsilyl)pent-4-en-2-ol (2 
g, 8  mmol, 1.0 equiv) was treated with imidazole (0.93 g, 13.6 mmol, 1.7 equiv) and 
TESOTf (3.17 g, 12 mmol, 1.5 equiv) to afford pure product 2.28 g ( 78%) after 
purification by chromatography (pure hexanes -  95:5 hexanes:ethyl acetate -  9:1 
hexanes:ethyl acetate; Rf = 0.79 in 9:1 hexanes: ethyl acetate). ]H NMR (400 MHz, 
CDCls) 5 7.22 -  7.29 (2H, m), 6.81 -  6.95 (3H, m), 6.42(1H, ddd, J  = 14.0, 7.0, 7.0 Hz), 
5.64 (IB , d, J =  14 Hz), 4.11 (1H, dddd, J =  5.9, 5.9, 5.9, 5.9 Hz), 3.86 (2H, d, J =  5.5 
Hz), 2.37 -  2.55 (2H, m), 0.98 (9H, t, J =  7.8 Hz), 0.65 (6 H, q, J =  7.9 Hz), 0.14 (9H, s); 
13C NM R (100 MHz, CDC13) 5 158.5(e), 144.2(o), 131.4(o), 129.4(o), 120.6(o), 114.4(o), 
71.7(e), 71.0(o), 38.8(e), 7.2(o), 5.5(e), 0.5(o); IR (neat) 3065(s), 3041(s), 2954(s),
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2877(s), 1601 (s), 1497(s), 1457(s), 1247(s), 1119(s), 1003(s), 857(s), 838(s), 750(s). 
General procedure of DHP synthesis 
Bi(0 Tf)3 *4 H 2 0  (0.02 equiv) was transferred to a 15 mL round bottom flask with 
addition o f distilled CH 2 Cl2 (3 . 0  mL) via syringe. The solution was cooled to 0°C in ice 
bath. After adding vinylsilane (1.0 equiv) and epoxide (1.1 equiv), the solution was 
warmed up to room temperature and stirred for 12 h. The suspension was concentrated in 
vacuo and the solution flushed through a short silica gel plug with CH2 CI2  as eluent. Upon 
the second concentration, the crude product was subjected to further purification by 
column chromatography.
Preparation of 6-benzyl-2-phenethyl-3,6-dihydro-2H-pyran
C 2 0 H 2 2 O
Exact Mass: 278.17 
M olecular W eight: 278.39 
C, 86.29; H, 7.97; O, 5.75
(36a)
According to the general procedure, (Z)-triethyl(l-phenyl-6 -(trimethyl-
silyl)hex-6-en-3-yloxy)silane (0.05 g, 0.14 mmol, 1.0 equiv) was treated with styrene
oxide (18 mg, 0.15 mmol, 1.1 equiv), to provide 22.6 mg (58%) colorless product, after
purification by chromatography (97:3 pentane:diethyl ether, Rf = 0.35): ]H NM R (400
MHz, CDCI3) 6  7.10 -  7.34 (10H, m), 5.78 -  5.82 (lH , m), 5.65 (1H, dq, J =  10.4, 1.4
Hz), 4.27 -  4.29 (1H, m), 3.47 (lH , ddd, J =  14, 9.2, 4.8Hz), 2.98 (1H, dd, J =  13.4,
7.8Hz), 2.64 -  2.81 (3H, m), 1.74 -  2.08 (4H, m); 13C NMR (100 MHz, CDC13) § 142.4(e),
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138.9(e), 129.8(o), 128.7(o), 128.5(o), 128.3(o), 126.4(o), 125.8(o), 125.3(o), 76.0(o), 
72.9(o), 42.3(e), 37.8(e), 31.7(e), 31.5(e); IR (neat) 3062(s), 3028(s), 2923(s), 2858(s), 
1603(s), 1495(s), 1454(s), 1084(s), 1064(s), 747(s), 699(s).
Preparation of c/s-2-phenethyl-6-isopropyl-3,6-dihydro-2H-pyran
Ph
°16n 22u  
Exact Mass: 230.17  
Molecular Weight: 230.35  
C, 83.43; H, 9.63; O, 6 .95
(36b)
According to the general procedure, (Z)-triethyl(l-phenyl-6 -(trimethyl- 
silyl)hex-6-en-3-yloxy)silane (0.05 g, 0.14 mmol, 1.0 equiv) was treated with isobutylene 
oxide (0.01 g, 0.15 mmol, 1.1 equiv) to provide pure product 14.3 mg (44%) after 
purification by chromatography (97:3 pentane:diethyl ether; Rf = 0.43). ]H NMR (400 
MHz, CDC13) 8  7.17 -  7.31 (5H, m), 5.80 -  5.84 (1H, m), 5.67 (1H, dt, J =  10, 1.2 Hz),
3.85 (1H, dd, J =  3.4, 1.4 Hz), 3.48 (1H, dddd, J =  14, 4.4 Hz), 2.69 -  2.86 (2H, m), 1.72 
-  2.04 (5H, m), 0.97 (6 H, d, J  = 6 . 8  Hz); ,3C NM R (100 MHz, CDCI3) 5 142.6(o), 
128.5(e), 128.1(e), 127.1(o), 126. l(o), 125.9(o), 88.5(o), 76.2(o), 37.5(e), 33.6(o), 32.4(e), 
30.4(e), 19.4(e);
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Preparation of cis-2-phenethyl-6-benzhydryl-3.6-dihydro-2H-pyran
Ph
Ph
Ph
^ 2 6 ^ 2 6 0  
Exact Mass: 354.20 
Molecular Weight: 354.48 
C, 88.09; H, 7.39; O, 4.51
(36c)
According to the general procedure, (Z)-triethyl(l-phenyl-6 -(trimethylsilyl) 
-hex-6-en-3-yloxy)silane (0.05 g, 0.14 mmol, 1.0 equiv) was treated with trans-stilbene 
oxide (0.028 g, 0.15 mmol, 1.1 equiv) to afford the desired product 20 mg (41%) after 
purification by chromatography (9:1 petroleum ether:ether; Rf = 0.71). NMR (400 
MHz, CDCfi) 5 7.02 -  7.44 (15H,m), 5.75 -  5.79 (lH ,m ), 5.59 (1H, d, J =  10 Hz), 4.75 -  
4.78 (1H, m), 4.01 (1H, d, J =  8.4 Hz), 3.50 (1H, dddd, J =  9.6, 9.6, 4.8, 4.8 Hz), 2.51 -  
2.91 (4H, m), 1.72 -  2.10 (2H, m); ]3C NM R (100 MHz, CDCfi) 5 143(e), 143.5(o), 
129.2(e), 128.5(e), 128.2(e), 126.1(o), 125.9(o), 124.7(o), 74.0(o), 73.0(o), 56.7(o), 
37.8(e), 32.0(e), 31.5(e);
Preparation of cis-2-butyl-6-benzyl-3,6-dihydro-2H-pyran
According to the general procedure, (Z)-triethyl(l-trimethylsilyl)oct-l-en-4- 
yloxy)silane (O.lg, 0.5 mmol, 1.0 equiv) was treated with styrene oxide (0.04 g, 0.44
Ci6 H2 2 0  
Exact Mass: 230.17  
Molecular Weight: 230.35  
C, 83.43; H, 9.63; O, 6.95
(36d)
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mmol, 1.1 equiv) to afford 35.4 mg (51%) pure product after purification by 
chromatography (97:3 pentane:ethyl ether; Rf = 0.44). *H NM R (400 MHz, CDCfi) 5 7.20 
-  7.31 (5H, m), 5.79 (1H, dt, J =  7.6, 2.3 Hz), 5.61 (1H, d, J =  10 Hz), 4.29 -  4.34 (1H, 
m), 3.48 -  3.55 (1H, m), 3.00 (1H, ddd, J =  13.7, 6 .6 , 2.3 Hz), 2.68 (1H, ddd, J =  13.7, 
7.4, 2.3 Hz), 1.94 -  1.97 (2H, m), 1.26 -  1.61 (6 H, m), 0.9 (3H, t , J =  5.6 Hz); 13C NM R 
(100 MHz, CDCfi) 5 138.7(e), 129.8(o), 129.6(o), 128.4(o), 126.4(o), 126.3(o), 76.0(o), 
74.3(o), 42.3(e), 36.1(e), 31.5(e), 27.9(e), 23.0(e), 14.3(o).
Preparation of cis-2-phenoxy-6-benzyl-3,6-dihydro~pyran
C1 9 H2 0 O2  
Exact Mass: 280.15  
Molecular Weight: 280.36  
C, 81.40; H, 7.19; O, 11.41
(36e)
According to the general procedure, (Z)-triethyl(l-phenoxy-5-(trimethylsilyl)pent-4-
en-2-yloxy)silane (0.1 g, 0.27 mmol, 1.0 equiv) was treated with styrene oxide (0.04 g,
0.4 mmol, 1.1 equiv) to afford 75.7 mg desired product (34%) after purification by
chromatography (9:1 pentane:ethyl ether; R f = 0.45)). ]H NM R (400 MHz, CDCfi) 8  7.20
-  7.31 (7H, m), 6.93 - 6 .9 7  (3H, m), 5.81 -  5.86 (1H, m), 5.65 (1H, ddq, J =  10, 1.5, 1.5
Hz), 4.41 -  4.47 (1H, m), 4.11 (1H, dd, J  = 9.3, 5,7 Hz), 3.93 -  4.04 (2H, m), 3.05 (1H,
dd, J =  13.5, 5.9 Hz), 2.72 (1H, dd, J =  13.5, 7.7 Hz), 2.03 -  2.21 (2H, m); 13C NM R (100
MHz, CDCfi) 5 158.7(e), 138.0(e), 129.9(o), 129.7(o), 129.3(o), 128.4(o), 126.5(o),
124.2(o), 120.8(o), 114.8(0), 75.8(o), 72.6(o), 71.1(e), 42.1(e), 28.4(e); IR (neat) 3064(s),
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71.1(e), 42.1(e), 28.4(e); IR (neat) 3064(s), 3031(s), 2924(s), 2867(m), 1600(s), 1496(s), 
1454(s), 1302(s), 1245(s), 1087(s), 754(s).
Preparation of cis-2-phenoxy-6-phenethyl-3,6-dihydro-2H-pyran
^ 2 0 ^ 2 2 ^ 2  
Exact Mass: 294.16 
Molecular Weight: 294.39 
C, 81.60; H, 7.53; O, 10.87
(36f)
According to the general procedure, (Z)-triethyl(l-phenoxy-5-(trimethyl
silyl)pent-4-en-2-yloxy)silane (0.1 g, 0.27 mmol, 1.0 equiv) was treated with phenethyl 
aldehyde (0.04 g, 0.3 mmol, 1.1 equiv) to afford 0.057 g (75%) product after purification 
by chromatography (9:1 petrolium ether:ether; R f = 0.43). ’H NM R (400 MHz, CDC13) 5
7.19 -  7.35 (8 H, m), 6.95 -  7.01 (2H, m), 5.85 -  5.91 (1H, m), 5.67 -  5.71 (1H, m), 4.12 
-  4.21 (2H, m), 3.96 -  4.04 (2H, m), 2.78 (2H, ddd, 7.6, 7.6, 7.6 Hz), 2.08 -  2.18 (2H, 
m), 1.88 (2H, ddt, J =  7.4, 7.4, 7.4 Hz); 13C NM R (100 MHz, CDC13) 5 159.2(e), 142.4(e), 
130.5(o), 129.6(o), 128.8(o), 128.5(o), 125.9(o), 124.4(o), 121.0(o), 114.9(o), 73.9(o), 
72.6(o), 71.1(e), 37.2(e), 31.3(e), 28.1(e).
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